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Abstract— In this paper, ice accretion on a wind turbine blade
with a NACA 63415 airfoil is investigated with experimental
techniques. Several different angles of attack, from 0° to 90°,
and wind velocities, 3 m/s, 4 m/s and 5 m/s are studied. Tests
are conducted in a climatic wind chamber with a fan and two
spray nozzles. The largest quantity of ice accumulation on the
blade was 7.2 kg, at an angle of attack of 90°. The results of
this paper provide valuable new experimental data for ice
accretion on wind turbine blades.
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. INTRODUCTION

In northern locations, ice is a significant obstacle for
efficient operation of wind turbines. From measurements by
Natural Resource’s Canada, ice accretion can occur up to 20%
of the time, between November and April [1]. Several
problems for wind power are caused by ice accretion, including
reduced power output due to disrupted aerodynamics, overload
due to delayed stall, and increased fatigue of components due
to imbalance of the ice load [2]. Ice accretion on a wind turbine
occurs when super cooled liquid water droplets in fog, clouds
or rain collide with a turbine and freeze on the surface.

To predict the annual power production for a wind turbine
in northern locations, the wind and ice conditions must be
considered [3]. Power output losses were estimated from 17%
to 30% for wind turbine operating in locations that are affected
by ice accumulation [4-6]. lce accumulation changes with
variations of the atmospheric temperature and water droplet
size [2]. Better predictive techniques and experimental data are
needed to predict ice accretion on wind turbine blades [7]. The
external conditions at a cold climate site have several effects on
wind turbine behaviour and on the efficiency of a wind farm.

Ice accumulation on a wind turbine blade causes distortion
to the blades profile, which can impede the aerodynamic
efficiency of an airfoil. The distortion frequently does not
depend on the amount of ice accretion but on the location that
accrues it; a small amount of ice accretion on the leading edge
of a blade can significantly impair the aerodynamic
performance. Additionally, ice accretion can cause wind
turbine vibration, which can increase fatigue loads and cause
structural failure [8].
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Figure 1. NACA 415-63 blade airfoil (NASA, 2014).

During icing conditions, a wind turbine is often shut-down
to prevent damage caused by the ice accumulation. In this
paper, experiments are conducted on a non-rotating wind
turbine blade (NACA 415-63 airfoil (Fig. 1)). This research
will focus on two important aspects of ice accumulation on
non-rotating wind turbine blades, including (i) the quantity and
(ii) location of ice accumulation.

Il.  EXPERIMENTAL METHODOLGY

In this section, details of the experimental setup used to
study ice accretion on non-rotating wind turbine blades is
presented. As illustrated in Fig. 2, a wind turbine blade of 0.93
m length, with a chord length of 19 cm at the root to 8.3 cm at
the tip is manufactured for the experiments. The blade is made
by carbon fiber. During the experiments, the thickness and
chord of the blade are measured at four points (Tip, Mid1,
Mid2, Root) six times (each 30 min). A digital caliper is used
to measure the thickness of ice and a digital scale to measure
the mass of ice.

0.285m

093 m

Figure 2. Schematic of wind turbine blade.
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Figure 3. Schematic of experimental setup.

The experiments are conducted in a cold chamber with
dimensions of 7.6 m, 4.6 m, and 4.6 m. The cold chamber is
climatically controlled to allow sub-zero temperatures (-10 °C
in this paper). As illustrated in Fig. 3, two FullJet spray nozzles
are placed between the fan and the wind turbine blade. The
wind velocity (V) is maintained at 3.5 m/s, 4 m/s and 5 m/s.
The positions of the blade and spray nozzle from the fan are
(2.5 m, 0.502 m, 0.835 m) and (0.833 m, 0.485 m, 0.321 m),
respectively. All coordinates are taken from the bottom left
edge of the front side of the fan.

1. RESULTS AND DISCUSSION

In this section, new experimental results on wind turbine
blade icing are presented. As presented in Table 1, 7 different
experiments are conducted with different wind velocities and
angle of attacks (o). Wind velocities from 3.5 m/s to 5 m/s are
investigated for a 45" angle of attack and angle of attacks from
0° to 90° are investigated for a wind velocity of 5 m/s. In all
tests, the wind turbine blade has a horizontal angular position
(Fig. 4). The liquid water content (LWC) is 0.6 and the mean
volume diameter of the spray is 50 um. All experiments are
conducted for 3 hours.

Table 1. Parameters of experiments

Velocity Angle of attack

(m/s) @)
5 0

5 30

5 45°

5 60°

5 90

4 45°

3.5 45°

As illustrated in Fig. 4, the thickness of ice on the wind turbine
blade is measured every 30 minutes during the 3-hour test. Two
different measurements (chord and width) are taken at four
location of the blade span (Fig. 2). The chord length is
measured before the tests, at each location, and then it is
measured again with ice accumulation. The difference in the
two measurements represents the thickness of ice on the

leading and trailing edge (chord thickness of ice), which is
plotted in Fig. 4a. As presented in Fig. 4, the majority of ice on
the chord is at the leading edge. This is noteworthy as ice
buildup on the leading edge can cause significant deterioration
of aerodynamic performance [9]. The width ice thickness,
represents the thickness of ice perpendicular to the chord and is
plotted in Figure 4b. The results plotted in Figure 4 are for a
wind velocity of 5 m/s and an angle of attack of 45°. The
transient results of other tests follow similar trends.
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Figure 5. Transient ice accretion for V =5 m/s and a = 45° on the (a) chord and
(b) width of a wind turbine blade

As illustrated in Fig. 5, significant ice accretes on the
leading edge of the wind turbine blade. Comparing Figs. 4 and
5a, over 30 mm ice thickness is accreted on the leading edge, in
the middle section. The root has the smallest thickness of ice,
which is approximately half as thick as in the middle of the
blade. The blade’s tip also has significant leading edge ice
accumulation, which is more than 25 mm thick.
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Figure 5. Ice accretion on a wind turbine blade at V =5 m/s and o = 45° after 3
hours of icing conditions.
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Figure 6. Weight of ice accreted on a wind turbine positioned at different angle
of attacks for a wind velocity of 5 m/s.

As illustrated in Figure 6, the total quantity of ice that
accretes on a non-rotating wind turbine blade is affected by the
blade’s angle of attack. At an angle of attack of 0°, the total ice
accumulation is approximately 6.5 kg, which increases to 7.2
kg at an angle of attack of 90°. The results of Fig. 6 suggest
that angle of attack of a non-rotating wind turbine blade can
affect the quantity of ice accretion. For conditions that are
causing ice accretion, the position of the blade can be altered to
help reduce the quantity of accumulated ice on the blade which
can help reduce the amount of time the turbine is unable to be
operated. However, when the angle of attack is low, the
quantity of ice accumulation on the leading edge is higher than
for a blade at 90°, despite more total ice accumulating on a
blade at 90°.

In Figure 7, the quantity of ice accretion on the wind turbine
blade for different wind velocities are presented. The increase
in ice accretion is nearly linear with respect to wind speed. In
the conditions of these experiments, the ice accretion quantity
increased from approximately 3.45 kg at 3.5 m/s to 4.92 kg at 5
m/s.
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Figure 6. Weight of ice accreted on a wind turbine positioned at an angle of
attack of 45° in different wind velocities.

IVV.  CONCLUSIONS

This paper studied the accumulation of ice on a wind
turbine blade. The study was conducted for five different
angles of attack (0° to 90°) and three speeds of wind (3.5 m/s, 4
m/s and 5 m/s). The temperature was maintained at -10 °C with
a LWC of 0.6 g/m®. The largest accumulation of ice was at 5
m/s, with the blade at 45°. More ice accretion occurred for
higher angles of attack, however, more ice accumulated on the
leading edge at lower angles of attack. The results also
indicated a linear relationship between ice accumulation and
wind velocity. The results of this paper provide new
experimental data and insights for ice accretion on a wind
turbine blade that has twist and varied chord length along the
blade span.
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